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AN ELECTRON AND X-RAY DIFFRACTION INVSSTIGATION OF SURFACE
CHANGES ON NITRIDED-STLEL FTSTON RINGS DURING ENGINE

OPERATION IN NITRIDED-STEEL CYLINDER BARRELS

By J. N. Good and L. 0. Brockway

SUMMLRY

New and used nitrided-stezl pistor ringe were examined by
electren and X-ray diffraciiocrn ir a studyv of the surface changes
produced during engine operation. Loth new and used rings, exam-
ined after degreasinz, gave an eslerlron—diffractinn pattern con~
sisting of diffuse tandsi those from the used rings fell at the
usual positions of the bands from pelished metal. surfaces, After
the surface had been disturted (acid eten, atrasion, ete.), the
new ring. gZave the pattern cof a-iron due to dilute =olid solutions
of the alloying elements, includin® nitrogen, in a-iron together
with small amounts of Fe3jC4 or Y-FepU3. The urzd ring in scme

cases gava the rame pattern in wdditior to faint lines of Y-iron;

" the presence of a layer uf Y-irer just under th: surtace is corrob-
orated by the I-r»; exanin ticn., Tn other cus2:i, 1he used ring
showed a diflerent prat!srn, vhich was prasumably that of the cowting
previovsly obcerved btut it has wnot been identiflied., The ccecurrence
of different patlerns was due to the discontinucus character of the
coating.

INTRODUCIION

Engine tests have teen made using nitrided-steel piston rings
with nitrided-steel cyilinder barreis in an effort Lo increage ths
life of piston rings and cylinder barrels in aireraft englnes. It
was observed that a coating wags formed on the running faces of these
rings during engine operation (reference 1). This coating was thin
(maximum thickness, approximately 0.0001 in.), of a highly metallic
luster, corrosicn-resistant, very hard, and was believed to be bene-
ficial to the operation of the rings.
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During the summer and fall of 1944, an investigation of this
coating and of other possible surface changes caused by enjgline
operation has been carried on at the NACA Cleveland laboratory.

The results reported herein are concerned with finding what sur-
face changes occur, The ultimate view in this work is that of
synthesizing the beneficial coating on aircrafi-engine piston rings
and other egliding surfaces. The artificial production of such a
coating outside of the engine should materially reduce the break-in
period and increase the period between overhauls of the engine inso-
far as the behavior of the piston rings is the controlling factor

in engine life,

The study of the surface changes occurring on piston rings
requires a methed that is sensitive to very thin layers. The
electron-diffraction method was used bty reflectlon from the ring
faces because of the low penetration (nol more than apprcximately
0.000001 in.) by an electron beam, Deeper surface changes in the
Fiston rings were investigated by X-ray diffraction.

Acknowledgement is made to the Bell Telephone Latoratories,
Inc.,, Murray Hill, N. J., for the use of their ruling machine and
to the Cleveland Graphite Bronze fcmpany for the use of their Bier-
taum microhardness (scratch) tester,

APPARATUS

Electron-diffraction patterns were obtained using the diffrac-
tion unit on an RCA electron microscope. Adapters for the specimen
holder were ccnstructed at the NACA Cleveland laboratory as needed.
The instrument was operated at approximately 60 kilovolts with a
resulting wave length of about 0.05 A. The specimen-to-plate dis-
tance was 310 millimeters.

X-ray photographs were made with a General flectric X~ray dif-
fracticn unit using a molybdenum target and a zirconium—oxide filter
to reduce the Mo KF radiation,

A diamond-polint ruling machine was used at the Bell Telephone
laboratories to plough up microscopic furrows, spaced 8000 to the
inch, on segments of nitrided-stezl piston rings for electron-
diffraction studies., The depth oi' these furrows did not exceed
about G.0G01 inch,

A Bierbaum microhardness (scratch) tester was used for com-
parative hardness tests on coated and uncoated areas on a used ring.
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TEST PROCEDURE

The first ring specimens to be examined in the electron-
‘diffraction camera were treated only for the removal of any oil
film with benzene. The failure of these pleces to give sharp
electron-diffraction patterns made necessary a number of rough-—
ening treatments on the ring surfaces prior to photographing the
diffraction patterns. The following treatments were used separ-
ately and in various combinations: abrasion with emery, scratching
with a steel file, ruling with the diamond-point machine, and
etching with 2 percent nital.

Calibration of the electron—diffraction apparatus was made with
the pattern of zinc oxide (fig. 1). Daily calibrations were made to
check the possibility of occasional fluctuations in the operating
conditions of the instrument. The following equation relating the
radius of a given diffraction ring to the corresponding interplanar
(Bragg) spacing is correct for the small angles involved (less than

k
d-;

where

k constant (ranging from 13.8 to 1L4.2)

r radius of observed diffraction rings, millimeters

d interplunar (Bragg) spacing, angstrom units (10"8 cm)
X~ray-diffraction photographs were taken of the faces of a new

and 2 used ring to detect subsurface changes due to engine opera-

tion. The rays were beamed upon the ring at a grazing angle with

the result that penetration into the metal was of the order of
0.005 inch maximm.

RESULTS AND DISCUSSION
New and Used Piston Rings - Untreatsd Surfaces
The electron-diffraction examination of segments of new and
used rings made after the removal of any grease layers by washing

with benzene, but without any further treatment, did not show the
sharp-line patterns usually required for identification purposes.
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These patterns consisted of diffuse rings on a2 heavy background.
Two diffuse diffraction rings in the patterns from new piston rings
(fig. 2) gave 4 values of 2,03 A and 1.17 A. These rings corres-
ponded tc the first and third diffraction rings of a-iron (table I)
but the other rings in the a~iron pattern did not appear. The used
rings also showed patterns consisting of two diffuse bands but now
at d values of 2,35 4 and 1,28 A. The spacings obtained far the
diffraction pattern of the ussd rings agreed very clcsely with
glectron~diffraction patterns from polish layers of a number of
metals as given in reference 2,

The nonappearance of sharp diffraction rings in the electron—
diffraction patterns from pclished materials hes been a subject of
cortroversy, One thaory maintains that there exists a polish layer
congicting of randomly arrang:d atoms, as in a liguid; the second
theory holds that the uprer surface, although crystalline, is very
smooth on a microscoplic scale and consequently little trensmission
of electrons through rrojections in the surface profilc can occur.
In eny case, the appearance of definite diffracticn bands shews that
a similarity exists betwe. n the uppermost stratum or material cn the
running face of a used piston ring ard polish laycrs as obtained by
metallographic polish, Tho polish layer has bexn called the leilby
layer, after the investigator who made extunsive stndiss on tne nature
and properties of polish layers.

New Fiston Rings - Treated Surfaces

In order to avoid extremely smooth surfaces on specimens sub-
gacted to =lectron-diffraction exeminztion, the running faces of
oth new and used piston rings were roughened on n micrescopic scale
by abrading, etching, ruling, etc. In ths case of new rings, the
electrcen~diffraction patterns from the surfaces after (1) abrading
with emery, (2) etching with 2 percent nitzl, (3) ruling with the
diamond-point ruling machine, or (4) heating tc 700° or B80J° T in
a vacuum. all showed a strong set of diffraction lines corresponding
to the a-iron diffraction pattern, together with a few extra lines
that corresponded to soms of the stronger lines of Fe304. (The

three strongest lines of the FeyU,; pattern are given in table I
as listed in the A,S.T.K. file c% X-ray powder diftraction data.
although this oxide cannot be distinsulshed from Y—Fe203 (refeor—
ence 3.) Considsrable varialions occur in the sharpness of the
lines and the intensity of the background, thu best pattern being
given Ly the ruled piston ring (fig, 3) and the poorest (although
still recogniznble) by the Leatud piston ring, Figurs 4, for
example, shows the rusults of atrading with cmery paper 1n compar-
ison with figure 3.
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¥-ray-diffraction patterns obtained by grazing incidence of
the bsam on the face of a new untreated piston ring showed mainly
the ag~iron pattern, Three extremely faint additlonal lines besides
those of a-iron are as yet unidentified (table I).

The occurrence of the a~iron pattern as the chief feature of ~
the various photographs from the new ring is understandable because
the three largest minor constituents, nickel (3,5 percent), chro-
mium (1.1 percent), and aluminum (1,3 percent), all form solid solu-
tions in a~iron for the concentrations and thermal treatment used in
the preparation of the steel before nitriding (references 4a, b, and
¢). 1In the nitriding process applied to piston rings, the reaction
between nitrogen and iron produces & solid solution of nitrogen in
a~iron or a mixture of the solid solution with the ¥'-phase, FeusN,
according to the concentraticn of nitrogen (reference 4d and fig. 5).
The absence of any diffraction lines belonging te the Y- phase indi-
cates that the nitrogen concentration in the iron is very low, pro-
bably below 1 percent. The reaction belwecn nitrogen =nd chromium
cr aluminum probably converts thesie elements completely to their
nitrides but their low concentrations relative to the iron prevents
their detection in a diffraction examinrtion as reported by B! g8
(reference 5), The a-iron pattern is to be expected from the piston-
ring alloy because the dilute rolid soclutlons of the minor consti-
tuents, including nitrogen, 2ll have the a-iron siructure with only
slight changes in the lattice dimensicns.

Used Rings — Trested Surfaces

The segments of used rings were taken from twe cdifferent engine
tests. Those segments that were etched showed varying derrees of
surface coverage by the coating, as described in reference 1. The
electron-diffraction photographs of the used rings after etching
(fig. 6), abrading, or in one case, after ruling, as well as the
X-ray photographs of the used ring, often showed the a-iron pattern
as their principal feature, This appearance of the same pattern
from new and used rings raised the question of whether the pattern
from the used ring is characteristic of the wear coating or of the
uncoated metal. The surface disturbance produced by the acid etch
occurred mainly on the basis metal since the coiating has been pre-
viously shown (reference 1) to be relatively acid-resistant and the
uncoated surface was accordingly in a more favorable state for elec-
tron diffraction. In the abrasion with emery, the two parts of the
surface acted differently because of the greater hardness of the
coating, as shown by the narrower scratches produced on the coated
areas 1n Bierbaum microhardness tests, Previous measurements (ref-
erence 1) were made on two specimens, one fairly uniformly coated
and one uncoated, Both were lightly polished before examination,
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The coating under thuse conditions was found to be softer than the
basis metal, The hardness measurecents lnvestigated herein on a
numbsr of specimens, which were not polished or rubbed in any way,
have shown coating material to be harder than the basis metal, A
single continuous scratch was used in the latter measurements to
determine hardnesses ae 1t crossed bcth coated and uncoated areas
on each specimen, Under light abrasion the uncoatzd surface will
be roughened more, whereas under heavy abrasion ths thin couting
is likely to be removed entirely, as demonstrated by etching sub-
sequent to heavy abrasion. It is probable that the a-iron pattern
from the used ring was due to the basis metal and not to the coating.

A notable feature of the X-ray photographs is that the three
linees occurring in addition to the a-iron pattern fall at positions
corresponding to the (200), (220}, and (311) lattice planes of Y-iron.
The lines corresponding to the other planes of Y-iron, (111), (222),
(400), and (331, 420), which complute the pattern within thse range
observed, coincide with czrtain lines of tha g—iron pattern. The
first eight lines of the ¥Y-ircn rattern are therefore accounied for,
The relative intensities of the lines not common to both patterns-
indicated that a consideratkle fraction of the iron had the Y-structure
although the greater part had the a-structure., This conclusion is
supported by the electron-diffraction photographs of etched and abraded
rings, although the numbsr of extra rings in the pattern is smaller
and their relutive Intensity is less, In both the electron and X-ray-
diffraction experiments, the evidence for Y-iron app=sared from the
used rings but not from the new rings.

The Y-iron in thz used ring hid probably been produced by high-—
surface temperatures and wessures tut it did not 1li: in the outer-
most surface layer, as shown by the weakness of the lines in the
electron~diffraction pattern and treir greater rel=tive intensity in
the pattern obtained by X-rays, which penetrated more deeply than
the electrons, The Y-iron is perhaps to be assccizted with the dis-
turbed region below the surface shown in metallographic taper sec-
tlons given in reference 1 but it is protably not choracteristic of
the coating.

The formation of layers of g— and Y-ircn produced by grinding
has been noted in reference 6. In the case cited, the bulk material
was predominately austenite, During grinding a layer of ferrite wes
formed intermadiately between an uppor leyer of nustenite and the
bulk material, It seums llkely that a stratifiod structure exists
in the material at the surfacz of the pistor rings studied in this
investigation,

Som= evidzncos concerning the nature of the coating was affordead
by electron-diffracti~n obssrvations on segments taken from the same
used ring, Two segments wire rulad in the diamcnd-point machins,
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designed to give scratches of controlled depth over particular areas,
and one showed the a-iron pattern more sharply defined than in the
photographs made from used rings scratched with emery. The other
segmont gave two diffuse lines occurring at spaclngs already identi-
fied as those formed for polish layers. A number of faint diffuse
lines in the pattern, in addition to the two principal lines, have
not yet been observed distinctly enough for preclse measursments,
They definitely do not have the spacings belonging to a- or Y-iron,
which indicates the presence of a material differing from the basis
metal of the piston ring. The lines do not agree with any previously
known patterns of compcunds of ths elmunts in the alloy or with any of
the oxides of iron,

A difference between the surfaces of new and used rings was
also found in experiments on heating the pisten rings to 700° or
800° F in a vacuum, The new ring gave the a-iron electron-diffraction
pattern after heating although not so sharp as after abrasion. The
used rings after heating gave only two diftfuse lines that did not
arise from a—- or Y-iron and cannot definitely bu distinguiched frem
the similar pattern mentioned in th:e prec.:ding paragraph.

SUMIIARY OF RwSULTS

The results of the electron and X—ray-diffracticn studies of
the surfuice chonees produced on the faces of nitrided-steel piston
rings by enpine operation can te summarized as follews:

1. Both the new and ased rings treated conly for removal of any
oil film gave two diffuse rinds in cle-~tron 1iffraction, Thece
bands are not useful in the identification cf the cecating under inves~-
tigation but it was not=d that the bards from the azad ring corires-
pord to the pattern previously obsarved from polished metal surfaces.

2., The new rings after microscopic roughening of ths faces gave
the slectron-diffraction patt=rn of g-iron or its dilute solid solu~
tions with the minor constituents of the alloy, including nitrogen,
together with a weakcer pattern of Fe3jU4 or Y-Fep03. X-ray dif-
fraction by reflection of the rays from ithe ring face showed the
a-lron pattern.

3. Usecd rings after roughening usually showed, by electron dif-
fraction, a-iron and Fe304 or Y-Fep03, as well as iraces of Y-iron,
X~-ray beams penetrating more deeply (0.005 in,) chowed ag-iron and
larger relative amounts cf Y-iron.
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i, Evidence for the coating has been clearly observed in the
pattern from a segment of a used ring roughened by ruling in a
diamond-point machine. Because cf the discontinuous character of
the coating, one segment under this treatment showed only a~iron,
the basis metal; whereas, an adjacent ocne showed the two tands
observad from the unruled ring in addition to several sharper lines,
which have not been identified, but are not due to a-iron, y-iron,
or any of the oxidss of iron aml do not belong to patterns of com-
pounds of the constituents of the alloy.

Aircraft Engine Eesearch Labhoratory,
National Advisory Committee for Aervnautics,
Cleveland, Ohic.
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@,interplanar spacings 1n angstrom units A; I,

TABLE 1
OBSERVED LATTICE SPACINGS FROM DIFFRACTION PATTERNS OF NITRIDED-STEEL PISTON RINGS AXD COMPARISON STANDARDS

intensities graded:

S - strong, M - medium, F -faint, V - very]

New ring Uged ring Standard patterns
Electron X-ray Electron X-ray
diffraction diffraction diffraction diffraction a-F =P aF 0
(specimen {(untreated (specimen (untreated e ® €3
emery abraded) specimen emery abraded} specimen) . :
b Miller Miller c ] Miller
d(a) I d(A) 1 d(A) 1 d(A) I |a(A) |1/1)|indeces|d(A) |1/1;]|indeces|d(A) |"1/1| Indeces
(hkl) {hkl) (hkl)
d i
2.53 20,04} S|---- Fatbi i 2.49 20,04 s|---- Fubbdl Rl bt Rl EEEE Rt EEL TS EX TS 2.551 1.0]311
2,01 03] vs]2.06 T0.13}|vvs|2.02 .03 1v8}2.03 ~0.13| vs| 2.02] 1.0]110 2.05| 0.9]111 ] ELT S ST
-------- e |- f-r= ee---|-=-|1.78 02| FJ1.79 08 Mleecec|=ce-fee-- 1.78 .6]200 S b L TTY I
1.69 02| VPe=oe ==c-- R R b N LT SR PPy Y P SR [N s cmeefeeced] cmas
1.61 02] VFlecoe =-ce- ---]1.61 02 WP - —eeae o T P Loty peees 1.61] .6 511,333
1.46 01} Mil.44 .08] M|1.45 LO1| MjL.43 L01] M| 1.43 .5|200 Y EERS CE T 1.48 .8 | 440
1.31 OLf VRf=vov ===e- avefocans cme-oo R R e EETE EX TS Rl CERES S Bt BT mecefecan | cena
-------- cefecalecan accaataafl,.28 .02|VF{1.23 .08] Fl-----|-+=-}-v=- 1.26 .71220 R atd BOLT T
1.16 .01] s|1.17 .06 sjl.l6 .01} M|1.15 031 M| 1.17 .8]211 d DLt wemal wcea | me--
e eecoen S P T --|1.07 .03} VF|----- ae-f---- J1r.07] 1.0]|3121 O e T
1.04 01| VF{1.01 05] VP|==r> =e-e-e --1 .99 04| VP 1.00 .5{220 1.03 .3le22 RPN [URPI [
.92 .01 F| .90 .04 Pl=-=s =e=-=-- --] .88 .021 VF .91 .6]310 .89 21400 wmen] cnnc | wne-
e85 ~m-en=| VF|===" ===-- e-e] === =e---- --1 .81 .03 IVVF .83 .2|222 .82 .6}331 coce] evnn | ece=
80 ====n- VF|je=-= ==<-- e e emec-- === e EL R L ———efe-- .80 61420 comre] crew | cme-
W76 ==--e- F} .76 .03 Fl-=-- ee-v-- --] .75 .01 |VVF .76 .61321 13 Dl422 cnen] cone | cova
68 wemce-- VVF| .67 03 |VYF}=e-m =oeen- bl REECEELEEE -—- .68 .3]41L,330] .68 .21511,333] ~cve] =v-=]| =cea
8me d and I/11 values were obtained from A.S.T.M. X-ray diffraction data card 2834.

bThree very weak and unidentified lines also found in this pattern are:

®The 1ines given here are the three strongest lines in the pattern, I/Il.>0.5.

d

The & uncertainty in 4

®The width of X-ray diffraction 1line due to length of specimen.
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2.66, 1.90, and 1.72 A,

NATIONAL ADVISORY

values due to 20.1 minimum uncertsinty in the measurement of electron-diffraction photographs
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Figure 1.—Standard transmission pattern obtained from zinc oxide used for calibration. X3,

Figure 2.—Electron-diffraction pattern from the surface of a new nitrided-steel piston ring. These
diffuse bands are characteristic of the untreated surface. X3.

GFO 711598
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Figure 3.—Electron-diffraction pattern from the surface of a new nitrided-steel piston ring. This pat-
tern of «-iron was obtained after the surface had been microscopically ruled with 8,000 parallel
lines to the inch. X3.

Figute 4.—Electron-diffraction pattern from the surface of a new nitrided-steel piston ring after abra-
sion with emery. The pattern is that of «-iron except for the innermost ring, which is the strongest
belonging to the pattern of either Fe,O, ory-Fe,0,. X3.

GPO 711598
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NACA ACR No. E4L27 Fig. 6

Figure 6.—Electron-diffraction pattern from the etched surface of a used nitrided-steel piston ting.
This pattern of a-iron was obtained from the basis metal because of the irregular coverage of the
ring faces by coating. X3.
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